Poor image quality remains a limitation of dobutamine stress echocardiography (DSE). This study aimed at investigating the effects of transpulmonary contrast application on endocardial border delineation and diagnostic yield of DSE in patients with intermediate coronary stenoses. The invasively measured fractional flow reserve (FFR) served as the reference standard.
Introduction
Dobutamine stress echocardiography (DSE) is an established non-invasive diagnostic method for the assessment of myocardial ischaemia. Its interpretation is based on comparing left ventricular (LV) wall thickening and motion at rest and during stress. Despite progress in imaging quality due to new ultrasound techniques such as harmonic imaging, a substantial number of patients are still considered unsuitable for stress echocardiography because of inadequate visibility of endocardial borders. 1 -3 Obviously, application of a second-generation transpulmonary ultrasound contrast agent renders the images more interpretable. 3 However, it is unknown whether the improvement of endocardial border delineation (EBD) may also increase the diagnostic yield of DSE regarding the detection of haemodynamically relevant coronary artery disease (CAD).
In diagnostic studies the choice of the reference standard is crucial. Angiography bears limitations regarding the valid estimation of the haemodynamic relevance of coronary lesions, 4, 5 particularly in diffuse disease or intermediate stenoses. Therefore, we employed the pressure-derived myocardial fractional flow reserve (FFR) as reference standard for the present study. The FFR is an index of the functional severity of coronary lesions. It has been validated in different patient groups and is not influenced by heart rate, blood pressure or contractility. 5 -8 FFR measurements also account for the presence of collaterals, which is an important feature of the studies thus providing an option for superior evaluation of the diagnostic potential of functional non-invasive tests such as native and contrast-enhanced DSE. 9 The aim of the present two-centre clinical study was to investigate the diagnostic utility of transpulmonary contrast enhancement during DSE on EBD in patients with intermediate coronary lesions in whom reliable testing of the haemodynamic significance is of particular clinical importance. We hypothesized that contrast enhancement would improve the interpretability and diagnostic yield of DSE.
Methods

Study protocol
The study protocol was designed to conform to the principles outlined in the Declaration of Helsinki. Informed consent was obtained from all patients prior to inclusion into the study. Approval was obtained from the local ethics committees of the Universities of Munich and Würzburg.
Irrespective of the native echocardiographic image quality, consecutive patients with chest pain in the presence of an angiographically intermediate stenosis in a single major extramural coronary artery potentially amenable by interventional treatment were eligible. Exclusion criteria were the presence of other more severe coronary lesions, instable angina, acute coronary syndrome, severe LV hypertrophy and lack of patient consent as well as contraindications to DSE or to the application of transpulmonary ultrasound contrast agents. In patients characterized as above, ad hoc coronary intervention is usually deferred at our institutions, because neither stenosis severity on visual assessment nor clinical symptomatology convincingly justifies immediate coronary revascularization. Instead, the functional significance of the lesions is assessed by invasive coronary pressure measurement during a second cardiac catheterization after DSE has been performed as an additional aid for decision making. Betablockers are as a rule withheld for at least 36 h prior to DSE. For the purpose of the present investigation, echocardiographic images were acquired at rest and at peak stress each time before and after bolus application into an antecubital vein of either SonoVue TM (Bracco Diagnostics Inc., Princeton, NJ, USA, 0.5 -1 mL) or Optisonw (Amersham, USA, 0.3 -0.5 mL). Thus, native and contrast imaging were performed within one examination. To avoid shadowing or swirling artefacts the timing of image acquisition was individually optimized and an intermediate or low mechanical index (0.17-0.4) was applied.
Dobutamine stress echocardiography
Data acquisition DSE was performed using Vingmed System V or VII electronic sector scanners (GE Vingmed Ultrasound, Horten, Norway) and a standard dobutamine protocol with progressive doses from 5 to 40 mg/kg/ min. Atropine 0.25 mg was additionally administered if the calculated peak heart rate was not achieved with dobutamine alone. Harmonic imaging was applied throughout all phases of the stress protocol with a transmit/receive frequency of 1.7/3.4 MHz. End points for dobutamine infusion were: 85% of maximal heart rate reached, systolic blood pressure increase to .240 mmHg or decrease to ,100 mmHg, development or deterioration of wall-motion abnormalities (WMA), severe chest pain, severe arrhythmia or other intolerable side effects. Cineloops of the apical 4-, 2-and 3-chamber-views as well as the parasternal long-and short-axis views were recorded digitally and on S-VHS videotape throughout each phase of the test.
Data reading
Two experienced observers blinded to the location of the stenosis and the FFR results interpreted the LV wall motion during an offline analysis, with DSE images displayed in a synchronized quad screen format (showing rest, medium, and peak stress recovery). Thus, as in clinical practice, an individual segment was evaluated against the background information of three other images. The reader was aware of the contrast modality used (native vs. contrast enhanced), but was unaware of the segmental analysis of the matching pair. The standard LV 16-segment model as recommended by the American Society of Echocardiography was applied. Accordingly, segments 1, 2, 7, 8, 12, 13 -16 were defined as left anterior descending (LAD) artery perfusion territory, segments 3, 4, 9, 10 as right circumflex (RCX) artery perfusion territory, and segments 5, 6, 11 as right coronary artery (RCA) perfusion territory. 10 Segments were evaluated regarding wall thickening and radial movement of the LV endocardium, which was classified semiquantitatively on a four-point scale as normo-, hypo-, a-or dyskinetic. EBD was defined as inadequate, if the image quality did not allow the assessment of wall motion within the specified segment. Segments with inadequate EBD were classified as 'non-interpretable'. In case of disagreement, consensus was sought and achieved in every instance in a second joint session of both observers.
Coronary angiography and fractional flow reserve
All patients underwent repeat cardiac catheterization including determination of FFR within 3 weeks of DSE. At least two orthogonal views were obtained and the projection showing the most severe narrowing was used for assessment. Quantitative coronary analysis (QCA) was carried out offline by a computer-based edge-detection method (QCA, Pie Medical, Rotterdam, The Netherlands). FFR was determined using a sensor-tipped 0.014 in. angioplasty guide wire Effect of contrast application on interpretability and diagnostic value of DSE (PressureWire TM , Radi Medical Systems, Uppsala, Sweden). After crossing the target lesion with the wire, hyperemia was induced by intracoronary injection of up to 120 mg adenosine or continuous intravenous application of 140 mg/kg/min adenosine (Adrekar TM , Sanofi, Munich, Germany). FFR was calculated as the ratio of the mean poststenotic pressure and the mean aortic pressure measured by the guiding catheter. An FFR of 0.75 was accepted to justify subsequent percutaneous transluminal coronary angioplasty and stent implantation in accordance to current treatment guidelines. 6 
Data analysis
Data were entered into a dedicated database (FilemakerPro5, Filemaker Inc., USA). For data analysis, the SPSS software package (version 15.0.1 SPSS, Chicago, IL, USA) and SAS version 9.1 (SAS Institute Inc., Cary, NC, USA) were used. Groups were compared using the t-test for unpaired samples after testing for equality of variances by Levene's test. Categorical variables were compared using Fisher's exact test. Comparison of numeric (QCA measurement) and binary data (EBD) was carried out using the student t-test or the McNemar test, as indicated. Multiple segments per perfusion territory were considered and, during resting and stress echocardiography, each segment was evaluated several times using different modalities. To account for this, generalized estimation equations methods were applied, allowing for appropriate consideration of subject-and within-subject-effects.
Differences regarding the diagnostic potential of native vs. contrast-enhanced DSE were estimated by receiver operating characteristics (ROC) curve analyses using the approach of Liu and Wu. 11 Differences in the areas under the ROC curves with their 95% confidence intervals (CI) were estimated taking into account the correlation of data sets as they were based on the same cases. The 95% CI for diagnostic test characteristics were calculated according to the approach of Zhou and co-workers. 12 All statistical tests were twosided and a P-value of ,0.05 was considered statistically significant.
Results
Clinical data
Of 266 patients undergoing diagnostic coronary angiography, 78 revealed a suitable angiogram. Five patients refused to participate in the study, 73 gave their informed consent and entered the study. One patient had to be excluded due to missing FFR curves, two patients due to incomplete digital recording of DSE images. Hence, 70 patients with complete data sets were included in the study. Figure 1 shows percentages of adequately delineated LV segments corresponding to the perfusion territories of the three major extramural coronary arteries for both imaging modalities at rest and at peak stress, respectively. For the perfusion territory of the RCA, native imaging facilitated interpretation of .96% of the segments. Here, contrast application provided no additional benefit. By contrast, in the perfusion territories of the RCX and LAD artery, contrast-enhanced imaging improved EBD substantially. At rest, the percentages of interpretable segments increased from 84.6 to 98.6% (RCX; P ¼ 0.007) and from 82.4 to 98.1% (LAD; P ¼ 0.004), and from 82.2 to 97.8% (RCX; P , 0.001) and from 85.9 to 97.1% (LAD; P ¼ 0.010) during peak stress.
Coronary angiography and fractional flow reserve
The target lesion identified by conventional coronary angiography was in most cases located in the LAD (34 patients, 48.6%) followed by the RCX (20 patients, 28.6%) and the RCA (16 patients, 22.9%). QCA in the 70 patients revealed a mean diameter reduction in the target lesion of 56.7 + 10%. Diameter reductions as assessed by QCA were comparable in patients with pathological (57.7 + 10.4%) and those with a normal FFR (56.1 + 9.8%), and also in patient subgroups with normal vs. abnormal results during native (60.6 + 10.4 vs. 54.6 + 9.2%) as well as during contrast enhanced (58.9 + 9.8 vs. 54.5 + 10.1%) DSE ( Figure 2) . FFR was abnormal in 29 patients (41%). During DSE, WMA indicative of stress-induced myocardial ischaemia were observed in 25 patients (36%) during native and in 35 patients (50%) during contrast-enhanced imaging. An overview over the results of all tests and methods is provided in Figure 3 . Figure 4 relates the results of native and contrast-enhanced DSE to the FFR values. Stress-induced WMA during native DSE suggesting a haemodynamically significant coronary lesion was present in 25 cases; however, compared with FFR as the reference standard, only 14 cases were true positives.
Of 45 normal DSE results 30 were true negatives according to the corresponding FFR values. Thus, the sensitivity, specificity, and accuracy (%, with 95% CI) of native DSE amounted to 48% (CI 40-57%), 73% (CI 67-77%) and 62% (CI 56-69%), respectively. Contrast DSE resulted in 24 out of 35 true positives and 30 out of 35 true negatives. The corresponding values for sensitivity, specificity, and accuracy were 83% (CI 76 -91%), 73% (CI 68 -77%) and 77% (CI 71 -82%), respectively. As an example, Figure 5 shows crosssections of a DSE study illustrating that during native imaging wall motion may appear normal, whereas contrast application reveals a stress-induced WMA. In the entire cohort, DSE studies with true positive or true negative results showed a somewhat better echocardiographic image quality compared with DSE studies with false positive or false negative results. The number of non-interpretable segments [median (25-75th percentile)] during native and contrast-enhanced imaging decreased from 2 (1-3) to 0 (0-0) at rest and from 1 (0-3) to 0 (0-0) at peak stress (both P , 0.001), supporting the concept that the quality of EBD is one possible determinant of the diagnostic yield of DSE. With contrast application, the number of false negative test results decreased from 33 (CI 28 -37%) to 14% (CI 9 -19%). Consistently, the area under ROC curve increased from 0.57 (CI 42 -71) for native DSE imaging to 0.78 (CI 0.65-0.88) for contrast-enhanced imaging (P ¼ 0.039).
Discussion
This clinical study investigated the use of contrast enhancement for improved EBD during DSE in patients with intermediate coronary artery stenoses. Myocardial FFR was used as a quantitative reference standard for assessment of the functional significance of these coronary lesions. The study shows that the interpretability and diagnostic yield of DSE are improved by the use of a transpulmonary contrast agent.
Dobutamine stress echocardiography
Despite recent concern about the safety of ultrasound contrast agents in patients with CAD, we encountered no adverse effect in the course of this study in patients with stable angina.
Impaired image quality limits the diagnostic value of DSE. Using magnetic resonance imaging, a comparative study 13 demonstrated that both sensitivity and specificity of DSE were significantly lower in patients with unsatisfactory echocardiographic visibility of the LV (62 vs. 85%, and 54 vs. 86%, respectively). Contrast enhancement of the LV cavity with second-generation transpulmonary contrast agents has repeatedly been shown to improve EBD and, thus, assessability of LV wall thickening and motion. 14 -18 The findings of the present DSE study are consistent with these observations both at rest and peak stress. EBD improved best in the RCX and LAD perfusion territories (apical, lateral, and anterior region of the LV), whereas native harmonic imaging alone yielded already satisfactory image quality in the basal segments without further improvement in EBD after contrast application. Effect of contrast application on interpretability and diagnostic value of DSE yield of native DSE compared with FFR was lower than previously reported. 20 In clinical practice, some of these patients might a priori not have been considered for diagnostic DSE due to insufficient native image quality. In addition, diagnosis and assessment of the functional significance of intermediate stenoses is particularly challenging, irrespective of the diagnostic methods used, 21, 22 and even invasive coronary angiography using QCA has a disappointingly low accuracy. 23 Our results clearly indicate, that independent of the native echocardiographic image quality the diagnostic yield of DSE may be substantially improved by the use of a secondgeneration transpulmonary contrast agent. In five patients of our cohort, an FFR value 0.75 indicated the haemodynamic significance of the stenosis, but neither native nor contrast-enhanced DSE showed a WMA suggestive of stress-induced ischaemia. Possibly, this denotes a principal limitation of semiquantitative visual assessment of WMA: more subtle abnormalities of regional myocardial systolic function may not be detectable by eye-balling. Recently, we demonstrated in a smaller group of patients with intermediate coronary lesions that quantitative assessment of the change in strain rate during DSE represents an attractive alternative method for the detection of subclinical stress-induced ischaemia with a sensitivity of 89% and specificity 86% derived from ROC curves. 24 However, this method also depends on echocardiographic image quality and may not be applicable in all patients in whom a high quality contrast-enhanced DSE study is feasible. Intravenous myocardial contrast echocardiography is another recently developed technique that has shown that the sensitivity and specificity of qualitative assessment of myocardial perfusion in patients with acute and chronic ischaemic heart disease are comparable with other techniques such as cardiac scintigraphy. 25 Unfortunately its routine use is less feasible due to the need for a continuous contrast infusion. The mean vessel diameter in patients in whom DSE failed to show ischaemia was 54.3% for native and 51.5% for contrast-enhanced imaging, both non-significantly different from the overall mean vessel diameter.
Eleven patients showed stress-induced WMA despite an FFR within the normal range. As almost half of our cohort had suffered from previous myocardial infarction and many patients had undergone revascularization procedures prior to inclusion into the study, we speculate that myocardial damage may have caused Effect of contrast application on interpretability and diagnostic value of DSE stress-induced WMA. Further investigation of such patients using myocardial strain rate imaging at rest and during DSE may help to clarify this finding in future studies.
Clinical implications
A significant and clinically relevant increase of sensitivity and accuracy of DSE was found applying a second-generation contrast agent to patients with intermediate stenoses. The results prove for the first time that the improvement of image quality leads to a higher diagnostic value of DSE. The number of false negative test results decreased by a remarkable 19%. This means, that 19% of the study patients would not be referred to further diagnostic testing and angioplasty because of a false DSE result. In clinical routine, a screening test for CAD should exhibit a high sensitivity rather than a high specificity. It appears to be more reasonable performing heart catheterization in a person with non-significant CAD than missing a significant stenosis in another. On the other hand, the prevalence of coronary artery stenosis in an arbitrary population of asymptomatic men aged 60 years is 20%. 26 It is, hence, not unlikely that any coronary lesion found at angiography is coincidental and PCI (percutaneous coronary intervention) is performed unnecessarily in that case. Because the number of elderly patients presenting with CAD is rapidly growing, it is important to develop reliable means to recognize the haemodynamic relevance of a stenosis. Adding contrast application to the protocol appears to substantially improve the clinical utility of a noninvasive, widely available and robust technique such as DSE, which will be of increasing clinical importance especially in the difficult patient with an intermediate stenosis.
Limitations
The study comprised patients with intermediate stenoses, i.e. a selected subgroup of those patients undergoing routine DSE in clinical routine. By study design, we are unable to conclude with confidence that our finding of the added diagnostic value using contrast enhancement may also apply to consecutive patients seen in clinical practice. However, because the intermediate stenosis is the most challenging lesion in terms of DSE diagnostics, and because we deliberately did not exclude patients with poor image quality at the baseline scan, we consider it likely that our results may be generalizable to a broader range of patients with suspected CAD. We used FFR as the reference standard. Besides its excellent validation in patients with one-vessel disease and absence of small vessel disease, the utility of FFR in more complex patient groups with multi-or small vessel disease or with hypertrophic heart disease is currently being discussed. 8, 27 Further, data underscoring the diagnostic value of FFR in unselected patients with multiple comorbidities are growing rapidly. 8, 27 Our sample size was relatively small. Nonetheless, the differences in diagnostic data were pronounced and statistically consistent. Further examinations should be carried out to confirm these results in a larger patient group with broader inclusion criteria. Future studies should contribute to investigate, whether these data are also applicable to patients with unknown coronary status screened for CAD.
Conclusion
In patients with intermediate coronary stenoses contrast enhancement significantly improves the interpretability and diagnostic utility of DSE.
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